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FOREWORD

This report summarizes the results of research performed by the Naval Weapons
Center, China Lake, CA. The work was conducted between July 1972 and December 1974,
and Dr. E. A Lundstrom and Mr. W. K. Fung were the Project Engineers.

The work was sponsored by JTCG/AS and Naval Air Systems Command Air Tasks
A303-510A/216C/OW436-0000 and A330-330E/216B/1F32432-308, as part of a 3-year
TEAS (Test and Evaluation Aircraft Survivability) program. The TEAS program was funded
by DDR&E/ODDT&E. The effort was conducted under the direction of the JTCG/AS
Technology R&D Subgroup as part of TEAS element 5.1.1.11, Hydraulic Ram Program.
Current effort in this area suppgrted by JTCG/AS includes Hydraulic Rath Fluid-Structure
Interaction study and Hydraulic Ram Damage Prediction analysis.
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INTRODUCTION

During penetration of an incornpressible fluid, bullets and other high speed projectiles
generate intense pressure waves. Response of the fuel cell walls to these pressure waves can
be catastrophic failure. This phenomenon, termed hydraulic ram, is of particular importance
to the survivability of U.S. military aircraft. A simple model of the fluid mechanics! of
hydraulic ram was developed and can be used to calculate fluid pressure due to a penetrating
projectile.

To adequately model the pressure waves, the tumbling behavior of bullets must be
specified along their trajectory. The model predicts that pressure waves generated by a
bullet in a fully tumbled attitude will be approximately five times more intense than those
generated by the same bullet in its normal, O-degree yaw attitude.

Tumbling behavior is also of importance in calculating the bullets residual velocity
after exiting the fuel cell. However, the tumbling is largely random in nature since it is
initiated by small perturbations of the bullet attitude at impact.

The model was ¢ompared with an actual measurement of pressure gencrated by tum-
bling API (armor-piercing incendiary) rounds. Agre.ment between theory and experiment
was reasonable, but it was recommended by NWC (Naval Weapons Center) that further
gunfire tests be performed under rigid conditions to enhance confidence in the model
predictions and to provide sufficient data to diagnose bullet tumbling distances.

TEST SETUP

Fifty-three rounds* of ammunition were fired into a water-filled test cell .nstrumented
with five Kistler 601 A pressure transducers. Ammunition used in these shots were .30 cali-
ber AP (armor piercing), .50 caliber APl, and 12.7 and 14.5 mm API. The rounds were fired
at a 0-, 30-, or 45-degree obliquity angle and impacted on entrance panels of different
materials and thicknesses. High speed motion pictures were taken of 23 of these shots.

The test cell was a 5-foot cube (Figure 1a) constructed of 1/8-inch-thick steel plates
with angle iron reinforcements at the edges. A 1/2-inch steel plate at the rear wall prevented
projectile exit of the cell. Entrance panels were 2 ft2 and were held in place by compression
between two rubber gaskets around the edges. Two l-inch-thick plexiglass windows were
placed on opposite sides of the cell to allow for high speed photography. The windows
provided a 30-inch-high and 36-inch-long field-of-view. One window was sandblasted and,
thus, acted as a diffusing screen for back-lighted photography.

INaval Weapons Center, Fluid Dynamic Analysis of Hydraulic Ram by E. A, Lundstrom. China Lake, CA, NWC,
July 1971, (NWC TP 5227, publication UNCLASSIFIED.)

*One .30-caliber AP round (shot 4HR1) was nat recorded due to transducer difficulties.
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The pressure transducers were mounted onto one end of fiv: 1/2-inch-diameter pipes
extending beyond the open end of the cell. The other pipe enus, in turn, were mounted
onto a separat~ frame isolated from shock and vibration in the test cell. The transducers
were placed 6 inches above the expected trajectory at 6-inch ijtervals. Coordinates of the
transducers with respect to the test cell are presented in Figure 1b.

The pressure transducer signals were recorded analog on magnstic tape and were digi-
tized at 80 points/msec and calibrated. Digitizing rate was consistent with the 20-kHz re-
sponse of the magnetic tape recorder.

Bullet velocity and impact point coordinates were measured. The coordinates of a
second point on the trajectory were obtained from the buliet hole location in a thia. flexible
plastic sheet installed behind the last transducer station (Figure 1a).

THEORETICAL CONSIDERATIONS

To accurately predict hydraulic ram pressure due to ballistic projectiles, the theory (see
Footnote 1) requires delineation of trajectory and rate of kinetic'energy loss.

The decay of bullet velocity along the trajectory can be expressed as:

dv. _
s =V 1)

where
Xp = bullet position
V = buliet velocity

and the velocity decay coefficient is given by

f=== pCDA @

where
m = bullet mass
A = presented area
Cp = drag coefficient
p = fluid density
The rate at which the bullet kinetic energy, E, is lost is given by

dE _ 2
daXg - eV 3)

For tumbling bullets, 8 is a function of Xp.

aal: ‘Qx L el e
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In a previous report (NWC TP 5227), a simple tnodel of the tumbling behavior was
presented. The bullet is presumed to enter the test cell with O degree yaw and continue in
this attitude with a constant drag coefficient until it reaches a distance, X|, along its
trajectory where it begins to tumble. The bullet becomes fully tumbled at a distance, X3,
and continues in this attitude with a constant drag coefficient.

i e e e

For this simple tumbling model, the variation of g ulong the trajectory is shown in d
Figure 2. The coefficients 8] and P2 are assoclated with the 0- and 80-degree yaw and
aumbled attitudes, respectively. Variation ol 8 during bullet tumble is described by the
relation

Xp-X1 |0
B(Xp) = B1 + (B2- B1) [‘%‘%“’s [Yg-xll]} @

A value of the exponent n = 3 is used.

Evidence from high speed motion pictures of bullet penctration showed the simple
tumbling model was incomplete. A bullet impacting the cell with 0 degree yaw continues to
tumble along its trajectory for a number of cycles before assuming a stable attitude. To
account for this, the model for the variation of § was extended to allow for continuous
tumbling of the bullet, as shown by the broken line in Figure 2. The value 83 is associated
with the drag coefficient of the bullet when it is in the stern-first attitude. For simplicity, it
- was assumed that the tumbling pioceeds at a constant rate along the trajectory; that is

; X2-X1=X3-X2=X4-X3=

Equation 4 is used for the functional form of f(Xp) with the substitution of 83 for ) when
appropriate. The effect of the continuous tunibling model on the pressure traces is to
sharply decrease the fall time. Substituting the continuous tumbling model for the simple
tumbling model improved the agreement with the experimental pressure records.

ugn il S e :r;;.dzuu:g-n.;;‘ P TR ;mﬁmwzm.m W cotani s

X F:
2 b
«a FOOTNOTE 1 ;
Q N k
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| Q ~ X3 -
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Figure 2. Variation of the Velocity Decay Coefficient. J
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During several of the tests it was noted that the jackets were stripped from the AP core
of the APl ammunition. The kinetic energy of the jacket and incendlary was approximately
40% of the kinetic energy of the complete round. Deposition of this energy into the fluid
was evidenced by a distinct pulse on the experimental pressure records.

To account for the pressure pulse, a crude method for incorporating the jacket energy
deposition into the hydraulic ram model was developed. The projectile penetrates the fluid
in a rormal fashion for a distance, Xg, where the jacket strips, The kinetic energy of the
jacket and incendiary material is calculated at this point. The energy deposition of the AP
core is calculated in the normal manner except that values of § appropriate to the core must
be used. The energy deposition of the jacket is assumed to be exponential and is added to
that of the core. The equation for total energy deposition is

dE

aEjs o Bj(Xp - Xs)
X, i

S =mBc Ve + —L T (5)
j

where c indicates properties of the core, and Ejs is the kinetic energy of the jacket at Xs,
The parameter 8 dictates the distance the Jacket energy is deposited in the fluid. A reason-
able value can be obtained trom equation 2 using the jacket and incendiary mass (the area of
the tumbled round) and a drag coefficient of 1. The factor a in equation 5 was included to
allow for adjustment of the pulse height to agree with the experiment, A constant value of
a=1/3 was used throughout the analysis and resulted in a reasonable description of the
stripping pulse for most of the shots.

METHOD OF ANALYSIS

A computer program was written which calculates pressures according to the theory
with modifications to tue trajectory behavior described in this report. Experimental pressure
data were rcad into the program, and an rms error between experimental and theoretical
pressures was calculated. The program was used as a subroutine which calculated the rms
error as a function of tumbling distances X and X7. The subroutine was incorporated into
a computer program which calculated the particular values of the tumbling distances which,
in turn, gave the minimum value of the rms error.

The size of the test cell was sufficiently large so pressure waves reflecting from the cell
walls did not ar+'e at the transducer stations until apnroximately 1 msec after bullet
impact. To avoid .he complicating effects of wall reflections, the analysis included only the
l-msec interval. Wave reflections from the impact wall could not be ighored. Because of the
lightweight construction of the entrance panel, it was assumed that the reflected pressure
waves were reflected from a free surface. Then, the reflected pressure waves were calculated
using the method of images. The use of free surface approximation and method of images is
documented in NWC TP 5227.
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Initial drag coefficient values for bullets in the O-degree yaw attitude (Cp = 0.05) and
in the tumbled attitude (Cp = 0.30) werc obtained from a report2 by McDonnell Douglas
Corporation. The drag coefficient used for a bullet traveling in a stern-first attitude was
Cp =0.82 corresponding to a circular disk. Using these drag coefficients, the tumbling
distances were calculated by the computer program. The theoretical trajectories were com-
pared with experimental trejectories measured from high speed motion pictures of the shots.
Based on this comparison, tie .30-caliber AP drag coefficient was doubled to Cp = 0.60 for
the fully tumbled attitude. The accuracy -f the experimental trajectory measurements was
not sufficient to obtain direct verification’for the O-degree yaw drag coefficient. Therefore,
the initial part of the pressure pulse generated by the bullet in its O-degree yaw attitude in
theory and in experiment was compared.

Agreement was improved when the O-degree yaw drag coefficient was doubled to
Cp =0.10 for the .30-caliber AP and 14.5-mm API rounds. However, the O-degree yaw drag
coefficient was sensitive particularly to the bullet nose geometry, which can be distorted
considerably during impact and penetration of the target panel. Therefore, it is expected
that the O-degree yaw drag coefficient will vary with impact obLiquity and velocity as well as
with target thickness and material. The drag coefficient for the AP core was taken as
identical to that of ‘he complete round.

Parameters poverning the pressure pulse due to jacket stripping were obtained from the
detail.d analysis of several selected shots where the jacket stripping pulses were clear and
distinci, und where high speed motion pictures were obtained. The parameter §j in equa-
tion 5 was calculated initially according to equation 2 using the area of the tumb {ed round
and thc combined mass of the jackst and incendiary material. The width of the resulting
stripping pressure pulse appeared reasonable when compared to experiment. Therefore this
mcthod for estxmatmg Bj was followed in further analyses. The parameter a in equation 5
was chosen to give the correct amplitude for the stripping pressure pulse. The best value for
the selected shots was a = 1/3, which was used in further analyses.

Some pressure records obtained during the tests were not acceptable. During several of
the shots the pressure recorded by a gage appeared to “stick’ at a finite pressure even after
the fluid pressure decreased to zero. The gage became “‘unstuck’ some tens of milliseconds
later when the gage signal dropped abruptly to zero. This behavior probably was due to
loose cable connectors. Such pressure records were discarded when they were identified.

A further source of error was caused by the unnoticed trapping of large air bubbles on
the downward-facing pressure gage surface. The effect of the larger bubbles on the pressure
gage response was to decrease the rise time of the gage and to introduce ringing. The
magnitude of the effect depended on the air bubble size. The presence of large bubbles was
determined easily by examining the rise time of the pressure record. Records with a slow
rise time were not included in the analysis. However, the presence of smaller bubbles could
not be detected easily, and it is believed that error in the theoretical predictions was due to
this effect.

2McDonnell Douglas Corporation. Hydraulic Ram: A Fuel Tank Vulncrability Study by R. Yurkovich, St. Louis,
MO, MDC, September 1969 (Report No. G964, publication UNCLASSIFIED).
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The pressure wave model (see Footnote 1, page 1) assumes for simplcity that the
bullet travels in a straight line. To obtain two points on the trajectory, a thin, flexible plastic
sheet was placed 6 inches behind the last transducer station, and the coordinates of the
resulting bullet holes were measured. Initially, the pressure pulse analysis assumed that the
bullets traveled in a straight line between the impact point and the penetration point on the
plastic sheet. However, it was found that the agreement between experiment and theory was
increased if the plastic sheet coordinates were ignored, and it was assumed, instead, that the
bullet penetrated the fluid undeflected from its original straight line path. Improved agree-
ment was because the bullet impacted at O degree obliquity and did not deflect significantly
from its original path until after it had tumbled. Thus, the early portion of the pressure
pulse, which contributed the most to the rms error, was not affected by subsequent bullet
deflections. There was no observable correlation between the rms error and the measured
bullet deflection.

BALLISTIC TESTING

12.7 MM API

Thirty shots were fired at service velocity into the test cell at 0-, 30-, or 45-degree
obliquity angles, as shown in Table 1. Four rounds impacted in a tumbled attitude. Entrance
panels of the test cell were constructed from rubber used for self-sealing fuel tanks or
7075-T6 aluminum in one of three thicknesses (Table 1).

Physical parameters of the shots are given in Table 2. The drag coefficients presented
are those which gave the best overall agreement of experimental data with theory.

The tumbling distances were derived from the pressure pulses and are summarized in
Table 3.

Of the 18 shots fired into the test cell at O degree obliquity and O degree yaw, the
jacket was stripped from only one (1FER7). For shots |HRS5, 8,9, 10, and 11, verification of
tumbling distance, X2, was obtained from high speed motion pictures. The distance from
the impact point to the point on the trajectory with maximum cavity radius was measured
and the result is included in Table 3. The experimental and the derived tumbling distance,
X9, correspond for these five shots. The measured tumbling distance should be slightly less
than the derived value because of the cavity radius dependence on bullet velocity.

Experimental trajectories for these five shots are shown in Figures 3 through 7
(page 25) with the theoretical curves. Error in the experimental points is estimated to be
*1/2 inch, and no consideration was given for the bullet’s departure from a straight line. In
general, the agreement is acceptable except at long penetration distances; probably caused
by deviations from the assumed straight line path which would give a decrease in velocity.

Due to error in making the trajectory measurements, “eceleration of the bullet in its
O-degree yaw attitude could not be determined. However, because of the similarity of the
trajectories shown in Figures 3 through 7 and agreement of the detailed pressure pulse
shape, it is concluded that the trajectory model used for these shots is valid and the drag
coefficients used for the 12.7 mm API are adequate,
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Table 1. Experimental Conditions. G’v

Entrance panel ; ;

Shot Velocity, p Impact coordinates, in. Obliquity, atgg& .

ft/scc | Rubber ’?,12’ X Y deg deg ;

IHRS | 2,897 X 0 0 @

1HR6 2,762 X 0 0 ;
1HR7 2,717 X 0 0
1HR8 2,733 ces C.053 30.75 31.50 0 0
1HR9 2,725 s 0.063 30.75 31.50 0 0
1HR10 2,729 “os 0.160 30.50 30.00 0 0

1HR11 2,701 e 0.160 30.75 31.25 0 0 :

2HR1 e cen 0.063 31.50 31.00 0 Tumbled E

2HR2 2,734 “es 0,063 30.00 31.25 0 Tumbled

2HR3 2,736 cen 0.063 31.00 31.25 0 0

2HR4 2,734 cen 0.190 31.25 31.25 0 Tumbled

2HRS 2,734 . 0.190 31.25 31.00 0 Tumbled

2HR6 2,743 . 0.190 31.50 31.50 0 0 @:

2HR7 2,719 e 0.063 30.25 31.25 0 0 .?

2HRS 2,686 e 0.063 31.25 31.50 0 0

2HR9 2,749 ce 0.063 31.25 31.25 0 0 :

2HR10 2,759 ces 0.063 31.75 31.25 0 0

2HRI11 2,643 “en 0.190 30.75 32.00 0 0

2HR12 2,752 e 0.190 . . 0 0 @

2HR13 2,752 ces 0.190 31.50 31.75 0 0 ‘;

2HR14 2,752 co 0.190 31.25 32.00 0 0 )

2HRI15 2,733 o 0.190 31.25 29.25 0 0

3HR1 2,773 ... 0.063 32.00 30.50 30 0 :

3HR2 2,742 e 0.063 32.00 30.75 30 0

3HR3 2,742 ‘e 0.063 32.75 30.25 30 0 .

3HR4 2,760 cos 0.063 31.50 30.25 30 0
3HR9 2,770 RN 0.063 31.50 30.00 45 0
3HR10 2,758 R 0.063 30.50 29.50 45 0
3HR11 2,737 e 0.063 31.75 30.25 45 0

3HR12 2,754 cee 0.063 31.25 29.25 45 0 3

&

Table 2. Characteristics of the 12.7-mm API Round. "-

Bullet weight = 0.166 pounds; core weight = 0.064 pounds.

Yaw

Bulilet area, Core area, Dra ;

angle, in2 in2 coef ﬁc%ent Oy

deg 2.

0 0.2046 0.1432 0.05 1

90 1.0370 0.7002 0.30 ;

180 0.0855 0.82 o
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Table 3, Tumbling Distances.

Shot X1, in. X2 - X1, in. X2,in, Xg, in, X2 (experiment), in.
IHRS 7.42 8.29 151 16
1HR6 7.13 8.44 15.57 - .
1HR7 0.01 8.94 8.95 1.0 ces
1HR8 10.01 7.92 17.93 ces 17
1HR9 5.13 10.53 15.66 12
1HR10 492 11.21 16.13 15
1HRI11 493 1i.61 16.54 15
2HR3 4.82 9.88 14,70 cen
2HR6 7.08 12.22 19.30
2HR7 3.02 13.72 16.74
2HR8 8.47 9.71 18.18
2HR9 5.37 11.40 16.77
2HRI10 513 11.40 16.53
2HR11 12.36 10.88 23.24
2HR12 4.27 " 9.50 13.77
2HR13 4.82 9.88 14.70
2HR14 6.55 9.31 15.86
2HRI1S 5.44 10.64 16.08
Average 5.94 10.30 16.24
2HR1 -4,93 5.13
2HR2 -2.90 413 0.6
2HR4 -6.35 3.15 cen
2HRS -6.15 3.59
3HRI 4.81 10.78 15.59
3HR2 4.11 8.53 12.64
3HR3 4.11 7.63 11.74
3HR4 0.32 13.17 13.49
Average 3.34 10.03 13.37
3HR9 3.00 10.15 13.15
3HR10 3.50 7.44 10.94
3HRI1 3.51 7.01 10.52
3HR12 2.37 8.04 10.41
Average 3.10 8.16 11.26
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Distribution of X| and X3 is shown in Figure 8 for impact at O degree obliquity,
0 degree yaw. Shot 1HR7, where the jacket stripped, is not included. There is a wide
distribution for both X1 and X2. Their average values are X) = 5.94 inches and
X2 = 16.24 inches. (Note that tumbling distance X7 varies by as much as a factor of 2.)

Four shots (2HR1, 2, 4, and 5 in Table 3) were tumbled prior to impact at 0 degree
obliquity. Analysis of these tumbled shots proceeded in a different manner than those
which impacted in the O-degree yaw attitude. First, it was assumed that, when the shots
attained a fully tumbled attitude, they remained in that state. Second, since the exact
attitude of the bullet at impact could not be controlled or measured, X1 was allowed to
become negative during the analvsis. Tumbling distances minimized the rms deviation of the
experimental and theoretical pressure traces. The jacket was stripped from one of the
tumbled shots.

Four rounds were fired into the test cell at 30 degrees obliquity and four were fired at
45 degrees. Obliquity angle was obtained by rotation of the test cell. A 1/2-inch-thick steel
plate was placed internally on the plate side to protect the plexiglass cell. Therefore motion
picture coverage of these shots could not be obtained. There was poor correlation between
eaperimental and theoretical pressure pulses, but the tumbling distances should be accurate.
Distribution of the derived tumbling distances is shown in Figure 9. Although there were

not enough shots performed to provide adequate statistics of these tumbling distances, it

appears that tumbling occurs more rapidly with increased entrance obliquity angle.

Decrease in the tumbling distances with increased obliquity is to be expected since the
bullet experiences highly nonsymmetric forces during oblique penetration of the impact
plate. Nonzero obliquity shots were performed at velocities which exceeded the ballistic
limit. It is expected that the influence of obliquity on tumbling distances will be more
pronounced near the ballistic limit.

A summary of the pressure pulse analysis is presented in Table 4, which incluces
experimental and calculated values of peak pressure and impulse. Also shown in the table is
the rms deviation of experimental and theoretical pressure traces.

For impact at O degree obliquity and O degree yaw, the rms deviation divided by the
experimental peak pressure (Table 4) is a good indication that the pressure model is valid.

Theoretical and experimental peak pressure and jmpulse are plotted in Figures 10 and
11, respectively. Bullet departure from the 45-degree straight line, as shown in both figures,
indicates the extent of the error. The amount of scatter in Figures 10 and 11 is not unusual
since the transducers were located near the bullet trajectory. A 2-inch deflection of the
bullet from a straight line trajectory would give a 30% error in the predicted pressure.

Theoretical and experimental pressure pulses are shown in Figures 12 through 17 for
six representative shots with these impact conditions. These shots were selected to have
errors ranging from minimum to maximum.

Tumbled entry data for peak pressure and impulse are shown in Figures 18 and 19,
respectively. Agreement of theory and experiment is similar to that obtained for impact at
0 degree yaw, Pressure traces from two of these shots (2HR! and 2HRS) are shown in
Figures 20 and 21.
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. 2
v Table 4. Pressure Pulse Summary.
Peak pressure, Impulse, ms :
Shot .| PG4 psi psi-msec deviation, | o
Experiment | Theory | Experiment | Theory pst ' 3
v 1HR5 | 1 :
2 720 740 209 213 46 0.064 .;
3 815 1,140 195 251 143 0.175
4 670 910 142 212 150 0.224
5 520 655 100 140 106 0.204
O 1HR6 | 1
2 870 730 246 248 68 0.078
3 945 1,100 240 248 90 0.095
4 750 870 169 206 100 0.133 ;
5 550 625 105 134 80 0.145 ;
O 1HR7 | 1 460 990 140 153 119 0.259 E
2 578 720 149 210 115 0.199
4 378 430 70 122 95 0.251
5 349 347 55 5 50 0.143 3
1HR8 | 1
O 2 500 545 191 196 46 0.092
4 880 940 208 224 76 0.086 ]
5 640 658 135 142 57 0.089 1
1HRY | 1 255 346 127 142 49 | 0192
O 2 750 767 223 269 48 0.064 i
4 695 810 153 215 113 0.163 i
5 510 569 105 134 74 0.145 j
1HR10| 1
2 640 740 225 236 72 0.113 i
4 1,450 800 197 217 379 0.261 i
5 510 585 116 136 73 0.143 4
1IHRI1| 1 i
2 930 690 532 232 142 0.153 k
© 4 920 790 256 218 87 0.095 i
5 585 555 134 136 59 0.101 ;
2HR1 ; i
3 562 545 129 215 141 0.251
o 4 442 420 83 121 84 0.190 .
5 420 338 65 71 49 0.117 3
:
1 3
0
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Table 4. Pressure Pulse Summary (Contd). :
Peak pressure, Impulse, ms
Shot | PG4 pst psi-msec deviation, | JH2 SEOT
Experiment | Theory | Experiment | Theory psi
2HR2 ; 830 810 203 164 58 0.070 ‘
3 710 595 134 174 '82 0.115
4 480 450 84 108 66 0.138
5 400 360 62 68 38 0.095 )
2HR3 | 1 310 365 120 133 65 0.211 ‘
3 755 1,250 200 263 192 0.254 ;
4 615 800 153 206 121 0.197
5 500 530 113 129 70 0.140 :
2HR4 5 1,350 1,070 177 168 65 0.048 q
3 680 620 ‘98 134 95 0.140 ;
4 780 490 60 74 113 0.145 :
5 440 400 48 45 62 0.141
2HRS ; 775 940 220 202 111 0.143 q
3 520 520 149 186 '66 0.127 ;
4 405 395 66 104 81 0.200 3
5 355 315 53 62 42 0.118
2HR6 ; 500 230 102 120 72 0.144
3| sio | nido | ses | sis | 96 | oo ¢
4 1,075 1,025 261 278 138 0.128 i
5 800 - 680 170 168 85 0.106 ;
2HR7 | 1 300 290 137 121 27 0.090 ;
3 780 920 213 264 107 0.137 q
4 870 725 195 213 120 0.138 i
5 560 520 114 136 88 0.157 §
2HR8 | 1 500 240 78 112 76 | 0152
3 1,050 1,100 292 285 ‘64 0.061 p
4 900 950 226 238 213 0.237
5 690 650 139 145 64 0.093
2HRY | 1 580 290 82 130 100 0.172
3 950 1,190 258 299 142 0.149
4 845 890 195 .| 238 114 0.135
5 630 610 132 146 69 0.110
12
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Table 4. Pressure Pulse Summary (Contd).

ek L e, 3

" WA A o ey s e s

O et i W X0

Peak pressure, Impulse, ms ,
Shot | PG4 psi psi-msec deviation, [ rms error
- s parameter
Experiment | Theory | Experiment | Theory P

2HRI0| 1 200 310 98 139 67 0.335
3 760 1,265 244 321 232 0.305

4 800 920 185 250 152 0.190

.5 610 610 126 149 83 0.136

2HR11 % 200 165 81 80 36 0.113
3 550 570 207 216 40 0.073

4 1,200 950 300 239 130 0.108

5 970 760 202 159 109 0.112

2HR12 1 240 400 106 129 71 0.296
3 730 1,050 187 238 169 0.232

4 600 760 148 189 104 0.173

5 480 500 108 122 62 0.129

2HR13 | 1 320 380 116 139 74 0.231
3 800 1,200 213 278 209 0.26)

4 680 830 159 216 128 0.188

5 540 580 113 134 81 0.150

2HR14 1 250 320 116 124 66 0.264
3 1,000 1,200 254 1237 95 0.095

4 770 890 183 | 221 96 0.125

5 560 620 125 139 65 0.116

2HRI15 | 1 290 315 90 132 71 0.355
3 745 1,200 200 292 257 0.345

4 700 865 170 229 138 0.197

5 560 590 123 139 67 0.120

3HRI1 1 345 310 115 107 50 0.145
2 1,250 555 368 178 289 0.231

3 900 587 260 160 169 0.188

4 720 480 170 123 96 0.133

5 510 392 116 90 58 0.114

13
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Table 4. Pressure Pulse Summary (Contd). ©
Peak pressure, Impulse, " |
i - rms
Shot | PGA - psl-msec deviation, | fms error
_ i parameter
Experiment | Theory | Lxperiment | Theory by o
3HR2 | 1 490 460 158 137 | 59 0.120 :
2 1,900 745 500 177 500 0.263
4 700 500 163 103 99 0.141
5 510 3% | 105 76 62 | 0122 X
3HR3 1 622 520 174 144 158 0.254
g 1,870 798 476 175 457 0.244
4 790 500 237 ‘o8 176 0.223
5 590 390 126 72 127 0.215
3HR4 1 625 406 179 135 88 0.141
g 2,050 615 550 181 598 0.292
4 750 435 192 110 128 0.171
5 560 340 111 81 79 0.141
(™
3HRY 1 282 295 110 88 64 0.227
g 1,270 410 338 109 339 0.267
4 750 317 173 171 193 0.257
S 560 263 121 57 137 0.245
3HRID| 1 460 340 156 75 133 | 0289 ©
% 1,680 445 433 93 546 0.325
4 740 330 187 58 207 0.280
5 550 2175 114 47 142 0.258
3HRI1| 1 480 455 149 147 93 0.194 ©
2 1,575 540 420 200 482 0.306
3 1,130 445 317 82 362 0.320
4 740 355 187 59 202 0.273
5 540 290 113 45 139 0.257
3HRI12 1 505 355 146 82 106 0.210 f
g 1,340 452 375 95 421 0314
g 725 325 204 '57 220 0.303
aWhere information is left blank (. . .) that particular gage was not working properly and readings wer: incorrect.
14
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For shows with 30 and 45 degrees obliquity, theoretical predictions of peak pressure
and impulse are plotted against experimental values in Figurss 22 and 23, respectively. The
predicted pulse shape shown in the figures is unsatisfactory as the theory consistently
underestimates the pressurc.

Plots of the experimental pressure pulses for shots 3HR2 and 3HR10 are shown with
the theoretical curves in Figures 24 and 25. In general, the predicted pulse shape is correct;
however, the magnitude of the prassure is too low, particularly for PG2. It should be noted
that the peak pressures measured at PGZ for the 30- and 45-degree obliquity shots are
consistently higher than those recorded for the 0-degree shots. The bullet was presumed to
have traveled in an undeflected straight line so higher pressures weie recorded when the
bullet was far from the transducer. Either the pressure measurements were in error or the
assumptions of the trajectory model were incorrect.

Pressures were measured with Kistler 601A pressure transducers. These transducers gre
not acceleration compensated, and it is possible that the unusually high pressures were due
to acceleration effects. In addition, it is possible the calibration of the transducens was in
error.

Assuming that the pressure measurements were correct, there are several physical ex-
planations for the nonconformity. Bullets impacting the test cell at nonzero obliq. ‘y
experience intense nonsymmetric forces while penetrating the aluminum panel. Bu....s
could be deformed more for the 30- and 45-degree obliquity shots than for the O-degree
shots where the impact forces are symmetric. This premise was tested by performing an
analysis of the pressures using doubled drag coefficients. Some improvement was obtained;
however, there remained a substantial error.

Also, asymmetric impact forces could produce a deflection in the bullet trajectory. The
plastic sheet was placed in the cell for these shots, and the coordinates were recorded. These
data could not be used to determine the initial bullet deflection because of the scatter in the
data sind the possibility of ricochets from the cell walls, The problem of bullet deflection
therefore was tested by repeating the pressure wave analysis with assumed deflection angles.
The 30-degree obliquity shots were presumed to be deflected to 0 and 15 degrees while the
45-degree shots were presumed to be deflected to 0 and 25 degrees. The same drag coeffi-
cients were used as those used for the basic O-degree obliquity shots. Theoretical predictions
of peak pressure are plotted against the experimental values in Figures 26 and 27. Figure 26
assumes the bullets are deflected from 30 and 45 degiees to 15 and 25 degrees obliquity,
while Figure 27 assumes deflection to 0 degree obliquity. These figures show substantial
improvement in the theoretical predictions when compared to Figure 22 for the undeflected
buli-t. The average rms error parameter was 0.234 for undeflected bullets, 0.157 for bullets
deflected to 15 and 25 degrees, and 0.157 for deflection to O degree obliquity. It is con-
cluded that there is a substantial initial deflection of bullets which impact at nonzero
obliquities, and that the deflection significantly affects the pressure fields.

14.5 MM API

Twelve shots were fired at service velocity with a 0-degree yaw attitude at impact. The
experimental conditions for each shot are shown in Table 5. Physical parameters of the
shots are presented in Table 6. The drag coefficients presented are those which gave the best
agreement of theory with the O-degree obliquity shots. Tumbling distances were derived
from the pressure pulses and arc shown in Table 7.

15

RME AANEE S Ak MR U G R il 3




JTCG/AS74-T-01 5 %
.
Table 5. Experimental Conditions.
3
Entrance | Impact coordinates, in. Yaw
Shot V::mi;y, panel, Obl:’%u“y’ attitude, ik
in. A% X Y 8 deg
— Q
1HR14 3,217 0.063 29.00 31.00 0 0 3
3HR5 3,172 0.063 31.50 30.00 30 0 3
3HR6 3,182 0.063 31.50 30.00 30 0 3
3HR7 3,182 0.063 31.00 28.25 45 0 k|
3HR8 3,185 0.063 31.50 28.50 45 0 1
4HR6 | 3,150 0.063 31.00 31.25 0 0 1
4HR7 3,507 0.063 30.50 30.50 0 0 4
4HRS 3,464 0.063 30.50 30.25 0 0 ;‘
4HR9 3,027 0.063 30.1 30.00 0 0 ‘
4HR10 3,088 0.063 30.7 30.25 0 0 3
4HR11 3,112 0.063 30.13 26.75 0 0
4HR12 | 3,076 0.190 30.50 30.50 0 0 ]
Table 6. Characteristics of the 14.5-mm API Round. :
Bullet weight = 0.1376 pounds; core .veight = 0.0936 pounds. §
3
Yaw !
Bullet area, Core area, Drag :
aggée, in2 in2 coefficient !

0 0.280 0.188 0.10

90 1.322 1.050 0.30
180 0.126 e 0.82
The jacket was stripped from six of the O-degree obliquity shots producing a distinct :
pulse on the pressure records. Tumbling distance, X7, was measured from the point of
maximum cavity radius on high speed motion picture frames and the values are shown in the {
last column of Table 7. Experimental and theoretical values of X are in reasonable correla- 3
tion except for shc. IR, For this shot, the maximum cavity radius corresponded to the ;
point of jacket stripping, Xg, rather than X7. Distribution of X; and X7 is shown in 3
Figure 28. There is no indication that jacket stripping influences tumbling distance ‘
distribution.
16 ;
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Table 7. Tumbling Distances.

Shot X1, in. Xz - X1, in, X3, in. Xs,in. | X2 (experiment), in.
1HR14 3.28 9.76 13.04 5 ces
4HR6 7.53 . 06.73 14,26 . 18.0
4HR7 5.88 11.86 11N 3 21.0
AHRS8 3.53 ii.25 14,78 N 17.0
4HR9 1.38 9.59 10.97 4 6.5
4HR10 0.42 10.61 11.03 S 10.0
4HR11 3.30 8.64 - 11.94 6 10.0
4HR12 4.69 12.20 16.89. 4 18.0
Average 3.15 10.08 13.83 e
3HRS 2.53 7.24 9.77 ces
3HR6 3.09 8.32 11.41 “ee
Average 2.81 7.78 10.59
3HR? 2.30 6.67 8.97
3HRS 1.67 6.48 8.15
Average 1.99 6,58 8.56

Trajectories of seven rounds (4HRG, 7, 8, 9, 10, 11, and 12) were measured to confirm
the drag coefftcient values used in the analysis. Theoretical trajectories are plotted with
experimental points in Figures 29 through 35, Error in the trajectory measurements is
estimated to be +1/2 inch, assuming that the round traveled in a straight line. Agreement is
excellent for shot 4HR9 as shown in Figure 32; but, in general, it appears that the drag
coefficient used for the tumbled attitude may be too low, Due to its low magnitude, the
drag coefficient in the O-degree yaw attitude cannot be determined from the trajectory, but
was chosen to give the best agreement with the pressure pulses.

Four of the 14.5-mm shots were performed with nonzero obliquity angles, two each at
30 and 45 degrees. The test procedures are identical to those described for the 12.7-mm
APY, nonzero obliquity shots.

Shots fired at 30 degrees obliquity did not evidence the jacket being stripped. Shots
fired at 45 degrees indicated a distinct pressure pulse arising from the jacket stripping, but
this was ignored in the analysis. Tumbling distances decreased with increased obliquity,
similar to the 12.7 mm API. There were two shots, one each at 30 and 45 degrees, which are
exceedingly poor statistical samples. However, the trend agrees with the suggestion that
nonsymmetric forces acting on nonzero obliquity shots during impact produce a quicker
bullet tumble.

17
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A summary of the pressure pulse analysis for the 14,5-mm API round is presented in
Table 8.

For impact at 0 degree obliquity, the low values of the rms error parameter (Table 8)
indicate theoretical and experimental pressure pulse shapes are similar. Theoretical and
experimental peak pressure and impulse data are compared in Figures 36 and 37. Bullet
departure from the 45-degree straight line, as shown in each of these figures, indicates the
extent of the error. Good correlation was obtained between experiment and theory.

Theoretical and experimental pressure traces are compared in Figures 38, 39, and 40.
Figure 38 gives plots of the pressure traces for shot 4HR8 which had an average rms error
parameter of 0.111. The jacket apparently did not strip from this round. The initial pressure
spike, which is particularly prominent in PG1, is a common feature of several of the pressure
traces, It is due either to overshoot of the recording equipment or it may evidence the shock
phase overpressure.,

Pressure plots for shots 4HR9 and 4HR12 are shown in Figures 39 and 40, respec-
tively. The jacket was stripped from both of these rounds, and the resulting pressure pulse
can be seen. The crudeness of the stripping pressure model is obvious from these figures.
However, Figure 41 gives the pressure pulse for shot 4HR12 that would result if the jacket
stripping behavior was ignored. Improved agreement of experiment with theory is derived
by inclusion of the stripping process, as is evident when Figures 40 and 41 are compared.

For the 30- and 45-degree obliquity shots, theoretical peak pressure and impulse are
plotted against experimental values in Figures 42 and 43. The correlation of theory and
experiment shown in the figures is inadequate. Both peak pressure and impulse are consis-
tently underestimated by theory. This lack of correlation for the nonzero obliquity shots
was discussed in the section on 12.7 mm API. As was stated, the correlation of experiment
and theory could be improved if the assumption that the bullet tumbled in an unperturbed
straight line was eased. The pressure pulse analysis was repeated assuming that the initial 30-
and 45-degree obliquity shots were deflected on impact to 15 and 25 degrees, respectively.
Results of the peak pressure are plotted in Figure 44. Experiment and theory agree better
when bullets are assumed to deflect (Figures 42 and 44).

.50 CALIBER API

Six of the shots were .50-caliber API rounds fired at 0 degree obliquity into rubber or
aluminum panels, as shown in Table 9. Four of the rounds impacted in a tumbled attitude.
Characteristics of the .50-caliber APl round are presented in Table 10.

The tumbling distances (Table 11) were obtained from the pressure pulse analysis. It
was determined that the jackets were stripped in each shot. Experimental values of X2,
obtained from high speed motion pictures, are included in Table 10 for the two O-degree
yaw impact shots. Reasonable agreement exists with the corresponding values obtained from
the pressure pulse analysis.

18
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3
3
Table 8. Pressure Pulse Summary. {
, |
Peak pressure, Impulse, e ' :
' psi psi-msec ms error
Shot | PG4 devia:lion, parametet 1
Experiment | Theory | Experiment | Theory P !
IHR14| 1 815 950 189 161 95 0.116
2 1,200 1,425 315 251 132 0.110 i
3 LI B L) LN " e . s LY Il
4 1,030 975 237 213 76 0.074
5 820 730 159 152 3 0.087 i
3HRS | ! 1,150 830 257 181 196 ! o070
2 1,800 1,150 425 218 318 0.177 ]
3 1,270 950 296 181 197 0.155 b
4 940 745 196 137 128 0.136 ]
5 750 585 143 97 12 0.149
3HR6 | 1 650 660 195 178 84 0.129
2 1,900 1,020 432 220 335 0.176 :
3 1,600 920 338 180 260 0.163 ;
4 1,200 725 250 136 199 0.166 f
5 910 570 179 103 145 0.159
3HR7 | 1 1.125 670 279 85 314 0.279
2 1,500 820 412 123 429 0.286
3 1,100 700 324 103 346 0.315
4 800 580 190 84 195 0.244
5 625 490 134 66 151 0.242
3HRE | 1 1,470 825 304 106 331 0.225 :
2 1,650 930 399 134 412 0.250
3 1,230 775 270 109 278 0.226 |
4 870 635 163 82 167 0.192
5 675 525 174 57 214 0317 .
4HR6 | 1 490 510 172 173 132 |  0.269
2 1,300 1,270 374 298 11 0.085
3 1,700 1,815 415 312 151 0.089 :
4 1,300 1,380 378 273 127 0.098
19 1
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Peak pressure, Impulse, rms
Shot | PGS Pl e deviation, | o eter
Experiment | Theory | Experiment | Theory pst

4HR? 1 1,350 1,800 214 176 196 0.145
2 1,450 1,700 349 331 155 0.107

3 1,125 1,525 349 385 220 0.196

4 880 1,400 292 344 244 0.277

5 680 1,020 175 251 211 0.310

4HRS 1 560 610 172 206 79 0.141
2 1,800 1,450 449 366 156 0.087

3 2,040 2,000 495 386 231 0.113

4 1,580 1,560 404 333 156 0.099

5 1,190 1,175 217 252 137 0.115

4HR9 1 1,025 1,170 229 183 117 0.114
2 1,500 1,200 362 255 158 0.105

3 | L175 1,060 283 240 90 0.077

4 | 920 775 211 186 82 0.089

5 750 590 129 133 71 0.095

4HR!10| 1 900 1,320 230 217 150 0.167
' 2 1,650 1,640 353 301 149 0.090
3 1,300 1,240 251 273 99 0.076

4 960 880 170 206 116 0.121

5 730 680 109 128 91 0.125

4HR11 1 770 1,200 188 187 101 0.131
2 1,380 1,470 333 270 152 0.110

3 1,230 1,350 264 264 105 0.085

4 920 950 184 217 118 0.128

5 950 820 - 112 144 210 0.221

4HR12| 1 1,050 1,400 237 171 193 0.184
2 1,200 1,480 374 300 163 0.136

3 1,100 1,120 364 320 144 0.131

4 780 910 269 266 143 0.183

] 720 670 146 176 138 0.192

2
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4Where information is left blank (. . .) that particular gage was not working properly and readings were incorrect.
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Table 9. Experimental Conditions.

. Velociy, Entrance panel | ympact coordinates, in. Obliquity, Yaw
ot ft/sec AQ deg attitude,
' Rubber in ’ X Y deg
1HR1 2,882 X 0 Tumbled
1HR2 2,902 X ce e e 0 Tumbled
1HR3 2,928 . 0.063 30.50 31.50 0 Tumbled
1HR4 2,873 cen 0.160 31.50 34.50 0 Tumbled
1HR12 3,006 X - 0 0
1HR13 3,018 . 0.063 30.25 31.75 0 0

Table 10. Characteristics of the .50-Caliber APl Round.

Bullet weight = 0.090 pounds; core weight = 0.064 pounds.

:naglwe Bullet area, Core area, Drag
deg in2 in2 coefficient
0 0.205. 0.143 0.05
90 0.736 0.598 0.30
180 0.112 0.82
Table 11. Tumbling Distances.
Shot X, in. X2 - X1, in. X2, in. X, in. X2 (experiment), in.
1HR1 -5.54 12.34 6.80 0.4
1HR2 -0.15 3.80 3.65 0.4
1HR3 0.45 1.01 1.46 0.4
1HR4 -1.41 3.11 1.70 04 cee
1HR12 11.68 7.67 19.35 2.0 18
1HR13 5.04 9.39 1443 6.0 18
Results of the pressure pulse analysis is summarized in Table 12. Low values of the
error parameter given in the last column of the table indicate theoretical and experimental
pressure pulse shapes are similar. Peak pressure and impulse data presented in Table 12 are
shown in Figures 45 and 46. Deviation from the 45-degree straight line in each figure

indicates the extent of the error. Agreement between experimental and theorctical peak
pressure and impulse is reasonable, although the theory predicts a large impulse.
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Table 12. Pressure Pulse Summary.

A S A

Peak pressure, Impulse,
psi psi-msec rms ms error
Shot | PG4 devng:ilon, parameter
Experiment | Theory | Experiment | Theory
1HRI1 1
2 710 700 184 180 52 0.073
3 610 655 116 151 71 0.116
4 650 460 80 93 73 0.112
5 368 375 60 59 34 0.092
1HR2 1
3 870 860 106 150 143 0.164
5 465 475 45 61 67 0.144
1HR3 1 1,080 1,100 132 145 136 0.126
2 1,050 950 145 165 104 0.099
3 980 770 117 135 84 0.086
5 800 465 55 50 91 0.114
1HR4 1
2 840 840 96 151 124 0.148
3 920 640 81 118 76 0.083
4 730 490 63 73 46 0.063
5 556 410 50 46 53 0.095
IHR12 | | 660 1,100 140 122 100 0.152
2 730 855 175 181 81 0.111
4 1,170 900 135 222 246 0.210
v 5 4690 660 109 156 192 0.417
1HR13| 1 670 775 168 132 104 0.155
2 950 1,070 249 218 78 0.082
4 720 735 178 - 191 85 0.118
5 535 545 113 130 81 0.151

@Where information is left blank (. . .) that particular gage was not working properly and readings were incorrect.
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Theoretical and experimental pressure traces are shown in Figures 47 and 48 for shots
1HR3 and 1HR13, respectively. Shot 1HR3 was partially tumbled prior to impact. The
jacket stripped to 0.4 inch along the trajectory. Best agreement with experiment was ob-
tained by assuming that the bullet attained a fully tumbled attitude at 6.8 inches. The
theory overestimates the initial pressure peak at PGl while it systematxcally underestimates
at the downstream transducers. The effect of the jacket stripping is ewdent particularly for
shot 1HR13 (Figure 48).

.30 CALIBER AP , r

Four .30-caliber AP rounds were fired at O degree obliquity; one tumbled prior to
impact, and the remaining three impacted at 0 degree yaw, The experimental conditions are
listed in Table 13.

Physical parameters for this round are given in Table 14. The dray, éoefﬁcients pre-
sented are double the values given in a previous report (see Footnote 2, page 6).

A summary of the tumbling distances obtained from the pressure pulse analysis is given
in Table 15. The round appears to be quite unstable in water as the bullet starts to tumble
almost immediately after impact. However, the distance to become fully tumbled, X2 - X1,
is large compared to the higher caliber rounds. The experimental values of X2 were taken
from measurements of high speed motion picture frames and showed excellent correspon-
dence with the theoretical values.

Experimental trajectories were obtained for the four shots. These are plotted with the
theoretical curves in Figures 49 through 52. The figures show reasonable correlatlon be-
tween experiment and theory.

Results of the pressure pulse analysis are summarized in Table 16. The 2rror parameter
given in the last column of the table indicates satisfactory agreement between experiment
and theory. Experimental and theoretical peak pressures and impulses are compared in
Figures 53 and 54. The large error indicated in shot 4HRS for PG2 was caused by the round
passing within 2 inches of the transducer. A small error in the trajectory thus gave a large
error in pressure. '

Two examples of the pressure pulses generated by the .30-caliber AP round are shown
in Figures 55 and 56. Experimental and theoretical pressures correspond for shot 4HR3
(Figure 55).

Table 13. Experimental Conditions.

. Entrance Impact coordinates, in. - Yaw
Shot V?:?Clty, panel, Ob]:;;mty’ attitude,
sec in. A X Y J deg
4HR2 2,645 0.063 31.00 28.75 0 Tumbled
4HR3 2,799 0.063 30.25 31.63 0 0
4HR4 2,843 0.063 32.00 31.50 0 0
4HRS 2,828 0.063 29.31 33.00 0 0
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Table 14, Characteristics of the .30-Caliber AP Round.

Bullet weight = 0.0237 poundsﬁ core weight = 0.0115 pounds.

Yaw
Bullet area, Core grea, Dra
aggée, ind ind coefﬁc%ent
0 0.0745 0.0469 0.10
90 0.3170 0.2600 0.30
180 0.0314 0.82
Table 15. Tumbling Distances.
Shot X1, in. X3 - Xi, in. X2, in. X, in. X2 (experiment), in.
4HR2 0.00 0.00 0.00 .
4HR3 1.13 11.61 12.74 13
4HR4 0.63 14.61 15.24 16
4HR5 0.00 14.44 14.44 16
Table 16. Pressure Pulse Summary.
Peak pressure, Impulse, rms
Shot | PG4 pst psi-msec deviation, | Ims error
- - si parameter
Experiment | Theory | Experiment | Theory p
4HR2 1 250 580 41 61 72 0.288
2 230 450 49 50 56 0.243
3 180 300 35 25 37 0.206
4 160 220 22 14 36 0.225
5 110 180 13 9 22 0.200
4HR3 1 250 260 76 73 19 0.076
2 500 430 133 100 49 0.098
3 370 . 385 96 82 40 0.108
4 275 300 58 56 37 0.135
4HR4 1 185 245 59 92 51 0.276
2 410 490 107 131 70 0.171
3 370 440 85 106 64 0.173
4 260 310 56 70 44 0.169
4HR5 1 340 250 104 71 61 0.179
2 930 450 225 109 183 0.197
3 515 415 163 97 114 0.221
4;» 300 305 69 65 36 0.120

@Where information is left blank (.. .) that particular gage was not working properly and readings were incorrect.
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— © EXPERIMENT
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Figure 7. Experimental Trajectory for Shot 1HRI1.

Ko

27

i
|
By
]
A

. [ B
A 0 0 T Bl 0 O . U e il




T R T T g T S N, . e T T O R TS s orem 1 g o T I ram, ™(C TR

(TR

R

KO Ug i

"meX 918aq ( ‘AinbrqQ %18sq ( ‘uonnquisiy souesyy Swqung g AmSig

‘Nt ‘Cx ‘30NV1S10 ONITEWNL

-4 7 2 - 4 @ 6l 81 1} 9t st 4! €1 4] 11
i { l ! r i I | I

TR

Bt T s SRR

JTCG/AS-74-T-015
g
3
[ ]

|
©

B
e G;,@.’u/‘m}__ 543

|
[+ -]
‘NI 'YX '30NV1S10 ONISWNL

;

ct

ER

[
F N

.-

UG o B b

IdY AW 221 e [ 47

—]
=3
.

91

:




TUMBLING DISTANCE, X, IN.

JTCG/AS-74-T-015

8 9 10

127 MM AP

00

45 DEG _ i Y

30DEG {2

1 12 13 14 15 16 17 18
TUMBLING DISTANCE, X, IN.

Figure 9, Tumbling Distance Distribution; 30 to 45 Degrees Obliquity,

0 Degree Yaw.
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PEAK PRESSURE (EXPERIMENT), PSI
Fi%x;e 10. Peak Pressure~Theory Versus Experiment; >
0 Degree Obliquity, 0 Degree Yaw. B
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Figure 11, Impulse—Theory Versus Experiment;

0 Degree Obliquity, 0 Degree Yaw.
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Figure 12. Pressure Versus Time Piot for Shot 1HR8 (Sheet 1 of 3).
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Figure 18. Peak Pressure—Theory Versus Experiment:
0 Degree Obliquity, Tumbled.
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Figure 19. Impulse~Theory Versus Experiment;
0 Degree Obliquity, Tumbled.
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Figure 22. Peak Pressure—Theory Versus Experiment;
30 to 45 Degrees Obliquity, 0 Degree Yaw.
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Figure 23. Impulse—Theory Versus Experiment;
30 to 45 Degrees Obliquity, 0 Degree Yaw.
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Figure 26. Peak Pressure—Theory Versus Experiment;
15 to 25 Degrees Obliquity, 0 Degree Yaw.
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Figure 36. Peak Pressure—Theory Versus Experiment;
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0 Degree Obliquity, 0 Degree Yaw.

77




SO T

oo AT

JTCG/AS-74-T-015

o .?Ilcl.ﬁ a0 A ANl s@xsg w e R

(S Jo [ 399US) SUHY I0US 10 10]d SWI] SNSIIA AUnssal °Q¢ un3yg
J3SW "INIL
0oL 060 080 00 090 050 ov'o 0Eo oz’o oL'o
. 1) | D | ] | 1 I |
"..‘t.‘.“l o 1L
«Tene, ] —
b

9 =2

0t = A =]

9t = X

_.m< m.@—_

ZNV8T ‘38NSS3Yd




R R T A T TR B wesTT . = s 3 2
T D T B T T P T R T M T TR T T - o o e S e ARGt 2 4l

o
.
E
W
k"
-
.,‘.4»

(S JO 7 1994S) gYHF 10YS 10} 10§ SWIL SnsIop amssoly ‘gE SInSig

J3aSW "INtL
00°'L S6°0 S8°0 SL°0 S9°0 S50 S¥'0 SE0 sZ'0 S0

| DN N [ 1 ] I I ]

1

|

JTCG/AS-74-T-G15

L =2
0t = A
9t = X

__n_< m.v.._

L
ZNI/87 ‘3HNSS3Hd

— oog’t




C T .,uuurﬂ.@ D il ...,».n,.;mu,. GO M N L ke o v iy i et Jﬁﬁﬂ\@ TR T &4 et

JTCG/AS-74-T-015

(S 30 € 199YS) SYHP 10US I0J JO|J SUII SNSI9N 3INsSalg

O3SW "INIL
00’1 560 80 SL°0 S9°0 S50 S¥'0

| i

I O O O

§°8ci

11

-
|

58888888

g
(N8 ‘3HNSS3Hd

r A L




ARG AR SR T S ¥ G i e

B R e e e e e R

(S JO  199US) SYHP 10US 0} 10l4 SWIL SNSISA 2ANSSAlg -ge ALy

. O3SW "aNIL
00L S60 060 S0 080 SL0 OL0 SY0 090 S50 050 SKO OF  GED
P ! I | | i | I I | ! 1

g¢—
0

001
00z
00¢
ooy
005
009
004

RS

TS
JTCG/AS-74-T-015
81

288
ZN/81 ‘3UNnss3ud

HEEENEE NN




.,rw.».‘_\...;,f....;.A..” =X @.. T &aﬂ;&i IR T .@ TR R R TS 13@ PR TR ﬂu!.w@iﬁﬂdwﬁ s m R R @. G

‘(S 30 § 199YS) QYHP 10YS IO J0]J SWI] SNSIOA amssel g oINSy

. J3SW ‘INIL
00’} S6°0 060 68’0 080 SL0 0L0 S9°C 090 SS°0 0S50 S0
T _ T T ) T T T T T ac

AL L

Y R

JTCG/AS-74-T-015
|
g§3888

|
zNI/871 '34Nss3ayd




ERTI T T TR U SR A NG T YT T ¥ R TIRN s

JTCG/AS-74-T-015

S IMCRRSYCTY 7 BT SR A NI T BRI TR Y

(S JO 1 193US) 6¥HY 10YS 10} O] SWI] SnSIoA omnssalg ‘6 3InTrg

J3sSW ‘3WIL
001 060 080 0.0 090 050

ov'o oeo ozo oL'o

| S | PR | P |

Ll
88§88

|
§ 8

L
&

NVen 'IHNSSAYUd

83




JTCG/AS-74-T-015

1,£00 —

1,400 —

1.300 —

1,200 [—

1,100 p—

000 b
900 |—
800 |—
700 p—
600 —
500 b—
400 —
300 —
200 —
100 —
0
-25

ZNI/81 ‘3UNss3ud

1.00

0.90

0.80

0.30 0.40 0.50 0.60 0.70

0.20

TIME, MSEC

R e Y AT~ T ¢ R MR N 2 S T T8 A T TV T3 TR, T SO, SV s
B B i 5 g Lt A S R e - ' - - - N

Pressute Versus Time Plot for Shot 4HR9 (Sheet 2 of 5).

Figure 39.

sy e At PRESIIRL

PR




T

(S Jo € 1994S) 6¥HP 10YS 10} 10]J JWL] SNSIGA AMSSAY  “6€ MLy

D3SN “INLL
oU'L S60 S8°0 SL°0 5§90 S50 S0 GE'0

T I Y, i e R e i e L e L L AR i g e S O e A

sz'o

o i L ] |E 1 T

JTCG/AS-74-T-015

8 7O WP AR

-

L1

§888888828°%

1 1

ZNVET '38NSSIYd




T A T A T T R S A T g R P R T

(S Jo ¥ 133YS) 6YHY 10YS 10j J0]d SWl] SNSIGA uINssald 6¢ a3y

o't G60 s80 S0 590 §5°0 S0 GEo

JTCG/AS-74-T-015

ZNi/al ‘JHNSSIHd




T T AR e e R T T T IS YA YT e SR A g T e ST AN AT o (T G AN D T

(S 3O S 133YS) 6YH¥ 10YS 10} JOIJ SWI] SNSIDA ANSSAJ € am3yy
D3ISW ‘INWIL

00’1 S6°0 060 980 080 S0 0oL 0 890 090 S5°C 050 S0

| ! _ R ! _ I | | |

||
§ 8 R

JTCG/AS-74-T-015
ZNVET '3UNSS3ud

[
&




O
{

(S Jo 1 399US) TIWHY J0YS 10 JOi WLl SnsIop amssalg p ALy

J3SW “IWIL
1t 060 080 (1T4] 090 0S50 ovo 0E0 00 010
T T ] ! ] T g

LA T T

ITOG/AS-741-015
88

ZNI/87 '3HNSS3Nd




R LI R T R IR T 1 ST A e -
. SRR S S - R IS e e N A o e e e s Dt e L i e i G X e T T R TR 47 e

(S JO T 1394S) TIVHY 10YS 30 30|d dwii] Snsiop anssaly ‘O amSif
23S “aWIL
00l 60 580 S0 590 550 . S¥0 5£0 S0 5t'0
}

89

S I T I B

JTCG/AS-74-T-015

|
LNIV/ET ‘3HNSSINd

|

SN TN 2T QT

B Lol LY

—1 00z’
m —{ oot
— o'l
— 005°1




= r:.x..i_ﬁ_a‘a!a!,i.,i%"g.ﬂlﬂ ;iﬂa;‘!ﬁii«..a DR
" L e RS a it

c e 3 ? k T Bt S W T &
F .‘. T ﬁ TR qz.,.:., T re.l R R T e S T e FTen
A b Tt e

(S JO € 199US) TI¥HY 0US 10} 10id SWI] SNSIDA amssaly “Of 2un3i]

O3S "INIL g
00’'L S60 S8°0 §L°0 S9°0 S50 140 SE'0 sZ0 o
| P T T 1 T I “

e ‘Anl.on’ol .
»

JTCG/AS-74-T-015

|

zNI/871 '3HNSS3Hd

Wemncannet el

s bt e 1 R SN 0| U WD il i -

882
L}

L1
§ 8

|

0oL’L

00zl

et s ot Sl Debs L ik o e

0 Nl bl Bk L S e 5

T A R L R RPN




i

|

|
!
|
|
i

(S Jo ¥ 193yS) TIYHY 10YS I0j 0|4 W) Snsiop omssaxd Op undig

TS T TR ST S S £ UM TR 4

O3SW ‘3WIL
001  S60 Sg80 SL°0 590 S50 S¥'0 se0
‘ m “ [ [ T ] _ &
— oo
" — 00z
, ot
] o
g ¢ ° »
: 3 — ooy S
m. C '_.: .
& — 005 &
N
~ 05 1
ﬂ i
—! ooz B}
]
— 008 ”
: ,
i — 0001 ;
n,,
4
3

oy

)
o

E

. . T n w2
R RSN RGY /EA --( Jaepes)




)

Ak L alh A Gl iU ARl

™ TR

AT 22, ¢ Y TS e

TTRTIF TR

JTCG/AS-74-T-015

S %3

680

080

(€ JO § 139US) TIYHY 10US IO I0]d QW] SNSIIA Imssalg

J3SW 'IWIL

S0 0.0

)

)

)

L i

N/ ‘34N$S3dd

92

et 1 adde L s

1y L ., . o, ! R . ' .
ELAREREERE LR RN IORE 11 YT TR N T T

.

b

tax Ll



Bl R Al R M L - s e T
ey T R < O TP Y PP 7 T . e S v e o S S
. PR P £ -G G Kl R e i T ool TR B PR R R A SGIE K ot s O SR <7 T e Y

i A 4

R failo o

SRS TR TY R

(S 3O 1 1934S) TIYHY 10US I0) 10[g SWIL SNSISA omnssald [ amdig

O3SW ‘INIL

00t 060 080 0.0 090 050 ov0 oeo 0z'0 oLo
i {

R i s b L T S ALY

JTCG/AS-74-T-015

- ;
3 o m
3 — 00V m 4
£ 0 =
, 0os $
m
| ol
o

-
.
|
8
~

W

L1
§ 8

‘..
|
g

L
8

Y

ot AN A a0 i 2 s G Ry A it

3 3 9 ) =

e S
. e Bl S TG b R it i A T i ERT AR TRy




TR

VT

kR St U2

JTCG/AS-74-T-015

00’1

560

L3,

6 1

(S Jo T 139US) TIYHY 10US 103 JOId SWHL SNSIOA omssald  “[f 23l

S8°0

SL0

S9°0

D3SW "IWIL
S50

S¥0

SE0

T4

T

g 8

000'}
0oLl

00Z't

ZNV/87 ‘3YNsSS3yd

94




TP

JTCG/AS-74-1-015

T T AT IR R o T Y X s ST e e e

(G 30 € 139YS) TINHY 10YS 10] Olf SUM] snusp 2anssald “ff omndLg

J3ISW IwiL

580 S0 SY0 S50 sv'o SE'0

i e o e e R s e R

ﬁ l

|

I A T A A e
XK

Ll 1

00L

-
S
-

00Z°t
00g’L
oov's

N8 '24NSSIHd

95




1,v Tr AT _.1.,45@,” Prodt !#-1 oo aft o ....iﬂ.FQ.ﬁ.:\l. I s._,ﬂ‘qﬂdx\x‘:” T .n...“v‘ AT TR T m-d!# AN ettt .|1 G 2 .}uui.q, oy S & ‘ g €

(S JO ¢ 1924S) ZIYHY 10YS IOJ 10]d SWil] SNSIap Inssalg ‘I 23y s
H D3ISK ‘INIL
W. 00L S0 060 <S80 08B0 SL0 OL0 SO0 090 SS0 050 SY0 DyD SEO
f J J | T T | ] 1 ! T T ] 8
E —{ oot
m,
i — ooz
v :
=y :
T.l “ ] 8ﬂ - o
..L.l \ “. w ’
; ! —oovr & 3 .
% : s
— » o) R
O - i m
m \\.\c:! ., ! — 005 _
— ! @
‘- o'." -“ =
¥ 4 — 009
2 \ vo n~
3 1 <
v 4 — ooz .
, — 008
— 000"t
o e S N——

,., R RRE L "



(S 10 ¢ 199US) Z1wHY 10UYS 10j J0IJ QUL SNSIOA AInssaly ‘[§ aIndiy

J3SW “INIL
00t S60 060 S80 080 SL0 oo 590 090 560 050 S¥'0
[ [ [ &
v —4 00L ‘
m .A
put
M — ooz ;
_M - &
< — oo 7
= — ooy 3
o
— s 3
z —
— 009
— ooz
I oog
1

TR, M
-’




JTCG/AS-74-T-015
2,000

o PG 146 MM AP|

o PG2
0 4 PG3
X{ 1,500 — G
> e PG4
S
g_:, A PGH

o
= o
W
- 4o
@ *o
«
‘%
¥4
g
w
(-9
0 L | 1 |
0 800 1,000 1,600 2,000

PEAK PRESSURE (EXPERIMENT), PSI

Figure 42. Peak Pressure—Theory Versus Experiment;
30 to 45 Degrees Dbliquity, 0 Degree Yaw.
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Figure 43. Impulse—Theory Versus Experiment;
30 to 45 Degrees Obliquity, 0 Dcgree Yaw.
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Figure 45. Peak Pressure—Theory Versus Experiment.
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CONCLUSIONS AND RECOMMENDATIONS

An erroi was detected in the equations for the pressure field derived in Fluid Dynamic
Analysis of Hydraulic Ram, see Footnote 1, page 1. To maintain consistent definitions of »
the source strength in ¢quations 18 and 19, equation 19 must be modified to read U= &3. )
The result of this additional factor of 2 is that equations 37, 38, and 39 must also be 3
multiplied by a factor of 2.

The hydraulic ram model, as modified in this report, gives an adequate description of 3
the pressure field for the O-degree oblignity shots. The theory consistently underestimated
the pressure cusulting from shots impacting the tank at 30- and 4 5-degree obliquities. Exper- &y
u..~nts at nonzero obliquity should be repeated with more appropriate instrumentation and -
tank »ometry. A thin plastic shieel was used in the present work to obtain the coordinates
of a pcin. on the trajectory. This concept worked quite well except the sheet was placed too
far from the impact point to be of value. Further experiments at nonzero obliquities should i
include one - more of these sheets placed closer to the impact point to obtain bullet 1
deflectio:: data.

The straight e trajectory assumption used in this work is satisfactory for most h{
applications. However, to obtain a more accurate modeling of specific experiments, the ;
trajectory could be de:cribed in terms of two or more straight line segments.

The hydraulic ram model can be applied casily to fragments with a velocity less than
approximately 90% of t1e sound speed in the fluid. Experiments are required to obtain the
drag coefficient of the fr: gments.

1)‘

It was concluded that tumbling distances decrease with increased impact obliquity
angle. No influence of the entrance panel material or thickness on the tumbling distances
was observed. It was pstulated that such a dependence could occur at bullet velocities
nearer the ballistic lim .t of the panel. Tests were performed at full muzzle velocity of the
round. Further exp-aments are desirable to check the velocity effect on the pressure field
which is predictcd by the hydraulic ram model. It is also anticipated that the tumbling
behavior of ‘ne penetrating bullets will be affected by the initial velocity.

The foregoing recommendations deal only with the pressure wave generation model. :’
The accuracy of this model was sufficiently verified so it is recommended that it be used as
a basis for modeling the structural response of the tank walls to the fluid pressure,

U
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